Abstract-This paper studies the effects of neutron radiation on the electrical behaviour and leakage current mechanism of quantum dot-in-a-well (DWELL) semiconductor diodes with fluence ranging from 3 to neutron/cm . After neutron irradiation, the forward bias and reverse bias leakage currents showed significant rise approximately of up to two orders of magnitude which is believed to be attributed to the presence of displacement damage induced traps. The ideality factor of the forward bias leakage current corresponding to all neutron fluence irradiations were found to be close to 2, suggesting that the forward bias current mechanism is largely due to trap-assisted generation-recombination (TAGR) of carriers. Subsequently, it is also observed that the capacitances reduced after irradiations which were further shown to be due to the deep carrier trapping effects and the Neutron Transmutation Doping effects (NTD). From the temperature dependence measurements, it is found that the reverse bias leakage current mechanisms of the irradiated samples are primarily attributed to two process; TAGR of carriers with emission from the traps assisted by the Frenkel-Poole (F-P). The traps due to both mechanisms were derived and shown to increase with neutron fluence.
Neutron Radiation Effects on the Electrical
Characteristics of InAs/GaAs Quantum Dot-in-a-Well Structures displacement damage. Generally, high energetic ions, protons and neutrons have the potential to cause serious displacement damage via neutron transmutation doping (NTD); a nuclear fusion process that modifies the carrier concentration from -type to -type or -type to a low resistivity -type, primary knock-on-atom (PKA); the propagation of vacancy-interstitial pairs by recoil atom, and formation of deep traps inside the forbidden band gap [1] - [3] . However, with the advantage of having the highest damage ratio than any other particles of the same energy and the fact that it produces no primary ionization effects, neutron particles are in favor as a subject to support concrete evidence of the displacement damage effects in most studies [4] , [5] . As a result of the displacement damage effects, threshold current, leakage current, and series resistance are some of the electrical values that increase with increasing radiation time [3] , [6] , [7] . Therefore, for such reasons, it is essential for semiconductor based devices to have high radiation tolerance and over the years, quantum dots (QDs) based structure is regarded to be the best candidate amongst other structures due to its micro-size coverage and unique properties which help reduces the formation of defects such as the atomic displacement and threading dislocations [6] , [8] - [10] . Reports by several papers on the effects of neutron and proton radiation on the photoluminescence (PL) spectra and electroluminescence (EL) of QD based diodes showed promising results with increment in PL intensity and stable values of radiative quantum efficiency and carrier lifetime [8] , [9] , [11] . However, the relevancy of those reports applies for low fluence of neutron and proton alone, as at higher fluence where the displacement damage is greater, it is indicated that the QD based diodes leakage current increased while its PL spectra reduced after the irradiation process [8] , [12] , [13] . This paper is written to report on the displacement damage effects of high fluence of neutron radiation on the electrical characteristics of InAs/GaAs quantum dots-in-a-well (DWELL) diode based structures. It is worth to note that the discussions in this paper were made on the displacement damage by neutron particles alone without taking any secondary gamma products into account. The effects of the displacement damage were effectively examined through current-voltage (I-V), capacitancevoltage (C-V) and temperature dependence I-V characterisation methods. The mechanisms and parameters governing the reverse bias (RB) leakage currents are finally discussed based on the amassed results.
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II. SAMPLE SPECIFICATIONS
Three sets of QD laser structure grown by University of Sheffield were used in this investigation. All QD samples were grown on one wafer by molecular beam epitaxy (MBE) on Si-doped GaAs (100) substrates. The InAs QDs were grown using the Stranski-Krastanov (S-K) method and were deposited on InGaAs wetting layer (WL) with lattice mismatch of about 7%. Each of the active dot layers were made of 3 monolayers (ML) of InAs grown on 2 nm thickness of and covered by 6 nm thickness of to form a DWELL structure. All sets contain three stacks of DWELL separated by 50 nm GaAs spacer layer of which the initial 15 nm of the GaAs spacer layer was grown at a temperature of with the remaining 35 nm layers grown at . Surrounding the active layers were undoped 150 nm GaAs/AlGaAs waveguides with m -type covers the lower cladding layers, and the -type on the upper cladding layers. The growth was completed by incorporating 300 nm layer to give an ohmic contact. The growth temperatures were set to for the AlGaAs and for the In-containing layers. All QD samples were fabricated into circular mesa diodes with radii of m, m and m respectively by optical lithography and wet chemical etching. All sets have a light emission of m at room temperature Fig. 1 shows the schematic diagram of the DWELL structure.
III. EXPERIMENTAL PROCEDURES
The thermal neutron irradiations of the DWELL samples were performed at PUSPATI TRIGA research reactor of the Malaysian Nuclear Agency. Three samples with nominally same pre-irradiation I-V and C-V characteristics were exposed to thermal neutron radiation using pneumatic transfer system (PTS) with fluxes ranging up to neutron/cm s. The reactor was operated at a power level of 750 kW, keeping the reactor core temperature at an approximate value of 573 K. Samples were prepared in polyethylene vials to prevent contamination before being exposed for 30, 60 and 90 seconds (equivalent neutron fluence of neutron/cm ). Electrical characterisations of all samples before and after the irradiation process were carried out in a dark setup at room temperature using Keithley 4200 Semiconductor Characterisation System (SCS). The temperature dependence I-V measurements were conducted on a copper heat stage, heated to a temperature of 298 K to 345 K. For every measurement, a minimum of three repeats were made to achieve precision and reproducibility of obtained results. The leakage current results were scaled with area suggesting that the current is presumably from bulk.
IV. RESULTS AND DISCUSSION

A. I-V Characteristics
The RB and FB (inset) I-V characteristics of the DWELL samples before and after respective neutron irradiations of 3, 6 and n/cm are represented in Fig. 2 . All unirradiated reverse bias leakage currents exhibited similar trend of increasing with electric field up to a range of 300 to 320 kV/cm which may be attributed to the presence of the DWELL in the structure [14] .
The RB and FB leakage currents are observed to increase with increasing neutron fluence with corresponding maximum current increment estimated to be up to 2 orders of magnitude in the reverse and an order of magnitude in the forward. Increase in the magnitude of the leakage currents are believed to be associated with the non-radiative generation-recombination (G-R) of carriers via traps in the bandgap, which existed due to the displacement of atoms either through point damage or cluster damage process (the cascading effect of primary knockon-atoms (PKAs)) [2] , [8] , [11] . Moreover, due to the non-optimised growth conditions of the tested samples, the inherent traps in the form of defective dots inside the DWELL layers may further instigate the propagation of defects [15] .
The relative percentage difference in every increment in the RB leakage current were calculated, and the difference between neutron fluence of n/cm and n/cm is considerably small (only 38%), which suggest that thermal annealing of defects might have taken place with respect to the duration of exposure to heat of the reactor core [16] , [17] . However, the significant exponential current increment in the high field region could not be described by G-R process alone. Therefore, Fig. 3 . Three regions C-V fitting of the C-V characteristics (inset) for sample exposed to n/cm .
the next sub-section is written to describe the viable mechanisms responsible for the exponential increment by means of C-V analysis and temperature dependence I-V analysis. The FB I-V characteristics were further analyzed for its ideality factor, , and series resistance, values by fitting the high bias region with the following Shockley's diode equation [18] :
Fittings of the linear region of the FB I-V characteristics with equation (1) revealed an increment in the ideality factor and series resistance from 1.77 to 1.86 and to respectively. Ideality factor of close to 2 suggests that the dominant mechanism contributing to the increment in the FB leakage current is due to the G-R process. Owing to the presence of displacement damage induced traps, the G-R of carriers is presumed to have occurred via radiation-induced traps. The significant increment in the value of series resistance on the other hand is believed to be due to the reduction of free carriers which could be of two reasons; carriers trapping by radiation-induced defects and or type inversion effects (through NTD process) [2] . Fig. 3 shows the C-V fitting and C-V characteristics (inset) of the m radius mesa sample subjected to maximum neutron fluence of n/cm . Based on the results obtained at 1 MHz, the capacitance of the sample is found to reduce with increasing neutron fluence with maximum reduction of about 6%. Reduction in the capacitance is believed to be due to carrier removal effect by deep trapping centers which also explains the latter increase in the series resistance [12] , [19] .
B. C-V Characteristics
The doping concentrations of the -region, -region and -region were derived approximately by fitting the 3-regions depletion approximation on the C-V characteristics with an assumption that the -region is slightly -doped [20] . Table I shows the Fig. 4 . Gamma activity spectrum of the QD sample after being subjected to n/cm .
doping concentration of the --region corresponding to the non-irradiated and irradiated samples. Based on the C-V fitting results, the doping concentrations of the samples vary after neutron irradiation with the doping concentrations in the -and -region decrease whereas the -region increase with neutron fluence. Such results are believed to be associated to two main reasons; firstly, the NTD effect which is responsible for the major decrease in doping of the -region thus increase in the doping in the -region. Secondly, the carrier removal effect which causes the decrease in the doping of the -region and presumably some in the -region. Further investigation was done to verify the existence of NTD effect in the sample by gamma spectroscopy analysis using ORTEC's GWL series. Measurement conducted after 2 days of cooling period shows no sign of NTD for the beryllium and silicon dopants. Interestingly, the gamma-ray energy spectrum for the n/cm sample illustrated in Fig. 4 show peaks of isotope peaked at 834 keV and isotope peaked at 563 keV. This strongly suggests that there is NTD process taken place in the gallium (Ga) and arsenic (As) atoms based on the following Ga and As beta-decay reaction [21] , [22] :
Here, it is believed that the NTD process most likely occurred in the AlGaAs of the -and -region despite of the presence of GaAs in the -region. The net reduction in the doping of the -region may be explained by the carrier removal via deep electron trapping at EL2 as reported in C. Claeys and E. Simoen [2] . Although the Ge and Se atoms might act as shallow donors, however, it is unlikely that these could be the main cause of such high increment in the leakage current observed after the respective neutron irradiation.
C. Temperature Dependence I-V Characteristics
Temperature dependence I-V measurements were performed to investigate the mechanism that dominates the RB leakage current after the irradiation process. As the samples used in this investigation are technically similar to those used by N.F. Hasbullah et al., it is believed that the mechanisms governing the RB leakage current inside the unirradiated DWELL samples are due to the G-R of carriers through mid-band traps assisted by the 3D Frenkel-Poole (F-P) emission [14] . Fig. 5 illustrates the plot of the samples RB leakage current versus electric field after neutron exposure of n/cm with respect to increasing temperature. It is observed that the RB leakage current density increases with increasing temperature while the slope of the current increment decreases with increasing temperature. Changes in the slope of the RB characteristics suggested that the possibility on the occurrence of band-to-band tunneling inside the -region is relatively small [23] .
Two other possible mechanisms with such dependency towards field and temperature include; the variable range hopping conduction (VRHC) and the F-P effect [14] , [24] . With regard to the fact that the hopping mechanism is less evident in the DWELL structure, the most feasible mechanism contributing to such electrical behavior is therefore believed to be due to the F-P effect [14] . Assuming an Arrhenius-type relationship, the activation energy determined from the slope of the current density versus inverse temperature plot given by equation (2) was derived to retrieve further information on the distribution of traps locations and possibly the transport mechanism as it is highly dependent on the electric field. (2) The Arrhenius plot of the sample after neutron irradiation of n/cm is shown in Fig. 6(a) , while the derived activation energies for every sample as a function of electric field are represented in Fig. 6(b) . The plots in Fig. 6 (b) were fit to a linear fitting to obtain the slope and -intercept ( ) values. The slope of the activation energy with electric field for all samples decreases with increasing neutron fluence indicating the dependency of carriers with the applied field. The inverse relation between all corresponding activation energies and the electric field suggest that the possible excitation of carriers may be due to the assistance of the induced-traps or the lowering of the potential barrier by F-P mechanism; low enough for the carries to escape from the QD confinement or wetting layer to the GaAs barrier under less amount of energy. The activation energies obtained at zero electric field for samples irradiated to 3, 6 and n/cm in Fig. 6(b) show trends of increment from meV; unirradiated to meV, meV and meV correspondingly. The value of meV here is believed to be referring to the position of the deep traps formed in the mid-bandgap of the GaAs barrier, the effective carrier trapping position for the G-R process. This information further suggests that the probability for the formation of traps inside the DWELL structure is minimal as the bandgap energy of the sample before neutron irradiation is measured to be approximately equivalent to 0.95 eV [25] . The value of meV on the other hand could be associated with the introduction of electron traps (EL2) found in the GaAs barrier as reported in [12] , [26] . Moreover, there is a possibility that the mid-band traps of GaAs have shifted to 780 meV due to the NTD effects. In the NTD effect, the Fermi level of the -region and -region shifts relative to the changes in their carrier density [22] .
D. RB Leakage Current Mechanism
The RB leakage current mechanisms of the DWELL samples are evaluated under consideration of the results obtained in the previous sections. Neglecting the effect of non-radiative Auger recombination, the analytical results imply that the total current density in the RB is a result of combination of two current mechanism components given by . To validate the mechanism that dominates the RB leakage current is due to the postulated TAGR and F-P, the RB I-V characteristic of the sample subjected to n/cm was further fitted with the TAGR model given by [14] , [18] ; (3) and the three-dimensional (3-D) F-P (fits for a 3-D confinement structure) with 3-D square well potential model derived as [14] , [27] ; (4) where is the carriers' effective lifetime, is the electric field and is the radius of the square well potential. The effective carrier lifetime can be described as; (5) with equal to the InAs QD capture cross section, being the thermal velocity and the trap density. The value of the electron's capture cross section is acquired from works conducted by O. Engstrom et al. [28] whereas the width of the depletion region is approximately derived from the C-V measurements.
According to the RB I-V fittings (shown in Fig. 7) , it is observed that both the TAGR model and the 3D F-P model demonstrate a good correlation with the RB I-V characteristics of the sample for voltage in the range of 4 to 22 V. A fit of the sample's current density against electric field profile with that model over an increasing temperature is illustrated in Fig. 8 . Fittings are in agreement with the RB I-V characteristics over the field range of kV/cm conforming to the postulated mechanisms. Similar fitting results were obtained for the samples exposed to 3 and n/cm suggesting that the RB leakage current is unaffected throughout every irradiation process.
Values of the defect densities and the radius of the square well potential from the fittings before and after irradiation are tabulated in Table II . The trap densities derived from both TAGR mechanism and F-P mechanism showed a linear correlation with increasing neutron fluence. Such condition was expected as the higher the fluence, the greater the probability Fig. 7 . RB leakage current fittings of the sample subjected to n/cm with varying electric field. Fig. 8 . Fittings of the sample's RB I-V characteristic subjected to n/cm with TAGR model and 3D F-P model over increasing temperature. for neutron particles to interact with the device in that specific period of time. Hence, causing greater number of radiation-induced trap densities inside the bandgap of the structure.
V. CONCLUSION
This study investigates the effects of high fluence neutron radiation on the electrical characteristics of InAs/GaAs DWELL samples. After a consecutive neutron exposure of 3,6 and n/cm , the DWELL samples exhibit increment in the leakage current both in the FB and RB voltage by an order and two orders of magnitude respectively. Analysis on the C-V characteristics of the samples on the other hand revealed a reduction in the junction capacitance. From the gamma spectroscopy analysis, it is found that the increase in the -doping is due to the NTD effect and decrease in the -doping is believed to be due to the deep carrier trapping effect. Finally, from the fittings of the temperature-dependence I-V characteristics, the dominant mechanisms responsible for the change in the reverse bias leakage current were derived to be due to two components; the TAGR mechanism and F-P mechanism which are the same even before being irradiated. However, the trap densities increased significantly after irradiation.
